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Clinical PerspectiveWhat Is New?Dynamic sports are strongly discouraged in Marfan patients on the basis of potential deleterious cardiovascular effects, but evidence supporting this recommendation is lacking.Our study in a murine model of Marfan syndrome suggests that moderate, endurance exercise for 5 months blunts aortic dilation and Marfan‐associated cardiomyopathy.What Are the Clinical Implications?If confirmed in well‐designed studies in humans, the inclusion of cardiac rehabilitation programs in the therapeutic approach for patients with Marfan syndrome.The effects of more intense exercise or other types of sport other than endurance training still need to be studied.

Introduction {#jah32581-sec-0008}
============

Marfan syndrome (MF) is a connective tissue disorder caused by mutations in the gene encoding fibrilin‐1 (*FBN1*), a connective tissue protein.[1](#jah32581-bib-0001){ref-type="ref"} *FBN1* provides structural and elastic support to a variety of tissues by modulating the biogenesis and homeostasis of elastic fibers as well as the availability and activity of transforming growth factor‐β family members.[2](#jah32581-bib-0002){ref-type="ref"} Important insights on the molecular mechanisms involved in the pathogenesis of MF have been reported.[3](#jah32581-bib-0003){ref-type="ref"} Major efforts have focused on uncovering the mechanisms of aortic root dilation leading to dissection and rupture, a hallmark of MF that critically determines survival. Advances in basic research have recently been translated into clinical trials with the aim of pharmacological interference with the progression of aneurysm, predominantly testing β‐blockers and angiotensin II receptor antagonists.[4](#jah32581-bib-0004){ref-type="ref"} Unfortunately, most trials have failed to demonstrate improvement in the progression of aortic dilation, and prophylactic and timely surgical intervention remains the only lifesaving measure.[5](#jah32581-bib-0005){ref-type="ref"}

Mitral valve prolapse often accompanies MF and could evolve into a secondary cardiomyopathy. However, recent reports suggest that cardiomyopathy could also be a primary manifestation of MF.[6](#jah32581-bib-0006){ref-type="ref"}, [7](#jah32581-bib-0007){ref-type="ref"} Other well‐known systemic manifestations of MF include bone overgrowth, pulmonary emphysema, and evident myopathy, the latter being a consequence of the inability to repair muscle tissue injury and to increase skeletal muscle mass despite physical exercise.[8](#jah32581-bib-0008){ref-type="ref"}

Regular physical activity is an efficient therapeutic approach to reduce the burden of cardiovascular diseases in the general population. Among other benefits, it improves left ventricular (LV) function and tissue perfusion, lowers blood pressure (BP), and reduces chronic low‐grade inflammation.[9](#jah32581-bib-0009){ref-type="ref"} To meet the higher metabolic demands that exercise entails, the cardiovascular system develops remarkable structural and functional changes in a remodeling process termed athlete\'s heart, whose features are markedly influenced by which sport is practiced. Exercise can be categorized as static (eg, weightlifting) and dynamic (eg, distance running), with very different physiological responses to each type of exercise. Although most sports include a mixture of both components, static exercise is characterized by increased BP and concentric LV hypertrophy, while volume overload and eccentric LV hypertrophy is typical in dynamic exercise.[10](#jah32581-bib-0010){ref-type="ref"} Importantly, the exercise‐induced remodeling process also affects the ascending aorta. In this respect, regular physical activity prompts a mild but significant aortic root dilatation, which is greater for practitioners of more dynamic sports, compared with static sports.[11](#jah32581-bib-0011){ref-type="ref"}

Since dynamic physical training promotes cardiovascular extracellular matrix remodeling, changes in the aforementioned exercise‐induced cardiovascular parameters will have a special impact on patients with inherited diseases, such as MF, that lead to abnormal extracellular matrix remodeling. Consequently, it is assumed that exercise‐induced extracellular matrix remodeling is adverse in these patients and worsens the progression of the aortic dilatation and cardiomyopathy. On the basis of this reasoning, dynamic physical activity has been strongly discouraged in MF patients.[12](#jah32581-bib-0012){ref-type="ref"} However, no evidence is available to support this recommendation.[13](#jah32581-bib-0013){ref-type="ref"}

Our aim was to evaluate the impact of dynamic exercise on the ascending aortic dilation and the cardiomyopathy in MF. We implemented a modest‐to‐moderate endurance exercise model, as this is the level of exercise most widely practiced by the general population. The experimental working model we selected was a heterozygous mouse line carrying a targeted mutation (C1039G) in exon 25 of the *Fbn1* gene,[14](#jah32581-bib-0014){ref-type="ref"} representative of the most common class of mutations causing human MF. This murine model captures many of the clinical manifestations of MF, including aortic dilatation, cardiomyopathy, lung abnormalities, and skeletal deformations and myopathy.

Methods {#jah32581-sec-0009}
=======

Animals and Experimental Design {#jah32581-sec-0010}
-------------------------------

*Fbn1* ^C1039G/+^ mice were obtained from Jackson Laboratory (Bar Harbor, ME 04609, EE UU) and used as a validated MFS animal model. Both Wild Type (WT) and *Fbn1* ^C1039G/+^ mice (hereinafter, Marfan \[MF\] mice) were bred on a C57BL/6 background. Comparisons were made between contemporary littermates. All mice were housed in a controlled environment (12/12‐hour light/dark cycle) and provided with ad libitum access to food and water. All animals were weighed once a week throughout the duration of the experiment. Animal care and experimentation conformed to the European Union (Directive 2010/63/UE) and Spanish guidelines (RD 53/2013) for the use of experimental animals. Ethical approval was obtained from the local animal ethical committee (Comitè Ètic d\'Experimentació Animal CEEA).

Training Protocol {#jah32581-sec-0011}
-----------------

A group of WT and MF mice were randomly conditioned to run in a treadmill (Ex groups). After a 2‐week adaptation period in which treadmill speed and slope and training duration were progressively increased, stable regimens were reached. Eventually, Ex mice ran at 20 cm/s, with a 12° positive slope for 60 minutes/d, 5 days/wk (Monday--Friday) for 5 months (from the age of 4 to 9 months). Training was performed in the afternoon, as close as possible to the dark (active) cycle to allow animals to rest during the light phase before training. A metallic grid at the back of the treadmill delivered a constant intensity (≈2 mA) electric shock upon contact and motivated mice to keep running. In this training protocol, electric shocks were virtually absent in all animals. All training sessions were monitored by an experienced investigator to ensure proper running and lack of stress. Parallel WT and MF groups not undergoing training served as sedentary (Sed) controls. Sample size at the beginning of the experimental protocol was WT‐Sed n=11 (5 male, 6 female); MF‐Sed n=9 (5 male, 4 female); WT‐Ex n=10 (5 male, 5 female); MF‐Ex n=10 (5 male, 5 female).

Blood Pressure Assessment {#jah32581-sec-0012}
-------------------------

Systemic blood pressure was noninvasively measured in all mice by a tail cuff system (Panlab NIPB system, consisting of control unit LE5007 and the automatic heater and scanner for 6 mice, LE56506). Briefly, mice were placed in a warming restrainer (34°C), with the tail carefully inserted into an inflatable cuff. Systolic blood pressure (SBP) and diastolic blood pressure (DBP) were automatically measured. Mean BP was calculated as 1/3×SBP+2/3×DBP.

Before initiating the exercise protocol, all mice were placed in the setup as many times as needed until they became adapted, thereby minimizing stress associated with the procedure. BP was thereafter measured at baseline, and after 1, 2, 3, and 5 months of training.

Echocardiography {#jah32581-sec-0013}
----------------

Two‐dimensional transthoracic echocardiography was performed in all animals, with 1.5% inhaled isoflurane administered to the animals. Each animal was scanned twice: at baseline and at the end of the experiment, at least 24 hours after the final exercise session. Images were obtained with a 10 to 13‐MHz phased‐array linear transducer (IL12i GE Healthcare, Madrid, Spain) in a Vivid Q system (GE Healthcare, Madrid, Spain). Images were all recorded and later analyzed offline using commercially available software (EchoPac v. 108.1.6, GE Healthcare, Madrid, Spain).

The aortic root and ascending thoracic aorta were measured in a parasternal long‐axis view. Both the maximum and minimum diameters (inner edge to inner edge) were measured at the aortic sinus level (for the aortic root) and at 1 mm above the sinotubular junction (for the ascending aorta). The aortic root dilation rate was calculated as the diastolic aortic root diameter at the 9‐month time‐point minus the diastolic aortic root diameter at the 4‐month time‐point.

The M‐mode spectrum was traced at the papillary muscle level in a parasternal short axis view, where LV dimensions at both end‐diastole (LVDD) and end‐systole (LVSD) were measured. The anterior wall and posterior wall thickness at end‐cardiac diastole were also measured. LV ejection fraction (LVEF) was subsequently calculated as follows:$$\text{LVEF} = \;\frac{\text{LVDD}^{3} - \text{LVSD}^{3}}{\text{LVDD}^{3}} \times 100$$

The presence of postsystolic shortening (PSS) was assessed in M‐mode recordings obtained with the cursor positioned in the LV basal septum in a parasternal long‐axis view. An animal was considered to have PSS if a "double peak sign" was consistently identified. The "double peak sign" consists of a normal‐shaped deformation pattern (first peak) during the ejection period followed by an ongoing deformation (second peak) after aortic valve closure.

Aortic Pulsatility and Aortic Stiffness Estimation {#jah32581-sec-0014}
--------------------------------------------------

Aortic pulsatility was used as a distensibility estimator, and calculated as follows:$$\text{Pulsatility} = \;\frac{\text{Ao}_{\max} - \text{Ao}_{\min}}{\text{Ao}_{\min}} \times 100$$where Ao~max~ stands for maximum aortic diameter, and Ao~min~ stands for minimum aortic diameter. The final result is shown as percentage (%).

Aortic stiffness was calculated using the BP and echocardiographic aorta diameter in vivo. For each animal, the following formula was used to calculate the β‐index:$$\beta = \frac{\log\left( \frac{\text{SBP}}{\text{DBP}} \right)}{\left( \frac{\text{Ao}_{\max} - \text{Ao}_{\min}}{\text{Ao}_{\min}} \right)}$$where SBP stands for systolic blood pressure, DBP stands for diastolic blood pressure, Ao~max~ stands for maximum aortic diameter, and Ao~min~ stands for minimum aortic diameter. The final result is dimensionless.

Euthanasia and Sample Collection {#jah32581-sec-0015}
--------------------------------

Nine‐month‐old mice were euthanized with an overdose of isoflurane inhalation and ascending aorta, heart samples and the vastus medialis muscle were quickly excised, immersed in cold physiological serum, and processed as described below.

Aortic Collagen Deposition and Elastic Fiber Ruptures {#jah32581-sec-0016}
-----------------------------------------------------

The thoracic aorta was cut just above the aortic valve, and the ascending aorta was subsequently fixed in formaldehyde and embedded in paraffin. Four‐micron‐thick sections were obtained and stained with Verhoeff‐Van Gieson stain. Sections were examined using a Leica DMRB microscope (×40). Two blinded investigators quantified aortic elastic fiber ruptures by fiber discontinuities per longitude in at least 4 representative images in each animal, and the average was calculated for each animal.

Furthermore, sections were stained with picrosirius red to analyze collagen deposition. Six representative images were taken of each animal using the brightfield and polarized light of a Leica DMRB microscope. The tunica media was delimited using the brightfield images and corresponding polarized light images were used to quantify picrosirius red--stained collagen deposition.

Left Ventricle Histological Study {#jah32581-sec-0017}
---------------------------------

The whole heart was fixed in formaldehyde and transversally cut through midventricle in 2 blocks (basal and apical blocks). Both blocks were embedded in paraffin wax and 4‐μm‐thick sections were obtained from the basal block and layered in poly‐[l]{.smallcaps}‐lysine--coated glass slides. The slides were stained with picrosirius red. Intramyocardial collagen deposit was quantified, excluding the endomyocardial, epicardial, and perivascular fibrosis. Pictures (×40) of 3 different representative areas of left ventricle (LV) were taken from each sample and the mean percentage of collagen deposition was calculated.

In order to assess intramyocardial vessel remodeling, pictures of both right ventricle and LV were taken (×100) whenever a vessel was identified. Approximately 10 intramyocardial arteries were localized and different measurements were taken: perivascular area (A), limited by perivascular fibrosis; external area (Ae), limited by outer tunica adventitia; and internal area (Ai), limited by internal elastic lamina (Figure [S1](#jah32581-sup-0001){ref-type="supplementary-material"}). The area of the lumen, tunica media, and perivascular fibrosis were all normalized to the vessel size (Ae) to exclude any bias in selecting vessels. All pictures were taken with an Olympus BX41TF microscope and DP73 camera. Blinded quantification of vascular remodeling and collagen deposition was performed with ImageJ 1.48v.

Skeletal Muscle Histochemistry {#jah32581-sec-0018}
------------------------------

At the euthanasia, the *vastus medialis* was excised by transecting the muscle origins and insertions. Muscles were placed on a mounting block and frozen in liquid nitrogen--cooled isopentane (2‐methylbutane). Samples were sectioned at 5 μm at −20°C. Cross‐cryosections were stained with NADH‐tetrazolium reductase to examine the oxidative capacity of muscle fibers. Based on their NADH content, fibers were classified as type I (oxidative), type IIA (aerobic glycolytic), and type IIB (anaerobic glycolytic). Fiber types of the whole muscle section were counted using an Olympus BX51 microscope connected to a movable platform and the computer‐assisted stereological toolbox (CAST) software count tool.

Capillaries were identified with the endothelial‐specific marker CD31. Briefly, muscle sections were incubated with rat anti‐CD31 monoclonal antibody, clone MEC 13.3 (BD Biosciences) and a donkey anti‐rat IgG secondary antibody (Jackson Immunoresearch). CD31‐positive structures of muscle cryosections were counted using an Olympus BX51 microscope connected to a movable platform and the computer‐assisted stereological toolbox (CAST) software count tool.

Exploration of Sex Differences {#jah32581-sec-0019}
------------------------------

After conducting main analyses, the effect of sex was explored in further statistical analyses. The effect of sex was explored in BP, histological analyses (aortic fibrosis and elastic fiber ruptures, LV fibrosis, intramyocardial arteries assessment), and in most echocardiographic variables (aortic root diameter, LVSD, LVDD, anterior wall, posterior wall, and LVEF). The effect of sex in PSS was not studied because the low sample size in each of the groups made analyses of a categorical variable meaningless. Because sex is known to heavily influence body weight, only de‐aggregated data are shown.

Statistical Analysis {#jah32581-sec-0020}
--------------------

All results for continuous variables are reported as mean±SEM. Because no mice had yet been trained, only the effect of genotype (ie, WT versus MF) was analyzed at the 4‐month time‐point; a nonpaired *t* test was used for comparisons in these cases. When 2 main factors were present in the study design (eg, genotype×training), data were modeled in a 2‐way ANOVA that included the 2 main factors and their interaction. Data with a repeated measurement factor (eg, several measurements over time) were analyzed with a linear mixed‐effects model. For intramyocardial vascular remodeling, each analyzed vessel was nested within mouse and a random effect was included in the model. When a significant interaction was found, least significant differences (LSD)‐adjusted pairwise comparisons are reported. In the absence of a significant interaction, significant main effects, if present, are reported. A normal distribution of the residuals (Q‐Q plot and Shapiro--Wilks) was checked for all analyses.

Categorical variables (eg, PSS presence) are reported as percentages. The proportion of mice with PSS in all groups at baseline was compared with a Fisher exact test. Change of PSS over time (from 4‐ to 9‐month time‐points) in MF was assessed through a McNemar test.

Mouse survival is shown on a survival curve and comparisons carried out with a log‐rank test.

After main analyses were conducted, the effect of sex was tested for all analyzed parameters by adding the Sex factor and all their interactions. In the case that the Sex factor or any of its interactions was significant, this is reported.

A *P*≤0.05 was considered significant. Statistical analysis was carried out with Stata v13 (College Station, TX, USA) and Graphpad Prism v6.0 (GraphPad Software, Inc, USA).

All echocardiogram and histological measurements were carried out in a blinded manner of genotype and treatment group.

Results {#jah32581-sec-0021}
=======

All mice subjected to exercise adequately adapted to the training protocol. Two MF mice allocated to the Sed group (1 male and 1 female mouse) died early in the experimental protocol; no other deaths occurred in any other group (Figure [S2](#jah32581-sup-0001){ref-type="supplementary-material"}). Necropsy was not performed and the cause of death remained unknown for both dead animals. The difference in mortality between groups did not reach significance (*P*=0.063).

We next tested whether the intensity of physical activity promoted peripheral muscle adaptation. In *vastus medialis,* we found a switch in the oxidative status of muscular fibers in trained WT mice in comparison to sedentary WT mice. However, capillary density evidenced by CD31‐positive endothelial cells staining did not differ among groups, most likely because of the large variability observed in the trained group (Figure [S3](#jah32581-sup-0001){ref-type="supplementary-material"}).

Because sex critically determines weight, results are shown after sex‐stratification. Over the 5‐month training period, weight gain was similar in all groups, both for male and female mice (Figure [1](#jah32581-fig-0001){ref-type="fig"}A). There were no differences in BP measurements at baseline between WT and MF mice (SBP was 130±2 versus 134±3; DBP was 79±2 versus 79±2; WT versus MF). In Sed animals, BP remained similar throughout the experimental period. In contrast, MF‐Ex mice developed a higher SBP compared with WT‐Ex, with no changes in DBP or mean BP (Figure [1](#jah32581-fig-0001){ref-type="fig"}B). However, there were no significant differences between trained WT and MF mice and their Sed littermates, likely because the statistical power was too low to uncover whether these differences arose from a decreased BP in trained WT mice, an increased BP in trained Marfan mice, or a combination of both. Although BP was lower in female‐ than in male‐trained mice, sex had no impact on the effect of exercise (Figure [S4](#jah32581-sup-0001){ref-type="supplementary-material"}).

![Weight and blood pressure measurements in sedentary and trained WT and MF mice. A, Weight measurement during the experimental protocol (weeks 1--14) in all animals; results are shown separately for male and female mice (beginning the experiment, for male animals: n=5 for WT‐Sed, MF‐Sed, MF‐Sed and MF‐Ex; for female animals: n= 6 for WT‐Sed; n=4 for MF‐Sed; n=5 for WT‐Ex; n=5 for MF‐Ex). Analysis was performed with mixed‐effects models; no significant differences were found between groups. B, Blood pressure was measured in all groups at 1, 2, 4, and 5 mo (beginning the experiment: n=11 for WT‐Sed, n=9 for MF‐Sed, n=10 for WT‐Ex, n=10 for MF‐Ex). Analysis was performed with mixed‐effects models. No differences were found in Sed animals. In trained mice, a significant genotype effect was observed (*P*\<0.05). \**P*\<0.05. Ex indicates trained group; MF, Marfan; Sed, sedentary group; WT, wild‐type.](JAH3-6-e006438-g001){#jah32581-fig-0001}

Moderate Exercise Slows the Progression of Aortic Root Dilation in Marfan Mice {#jah32581-sec-0022}
------------------------------------------------------------------------------

All groups were subjected to echocardiographic evaluation of the aortic root (Figure [2](#jah32581-fig-0002){ref-type="fig"}). In accordance with clinical data and previous reports, 4‐month‐old MF mice had an enlarged aortic root at the beginning of the study (Figure [2](#jah32581-fig-0002){ref-type="fig"}A). All groups were scanned again at the end of the experimental period (9 months), with representative echocardiographic images shown in Figure [2](#jah32581-fig-0002){ref-type="fig"}B. In WT mice, moderate exercise did not induce changes in the size of the aortic root. In MF mice subjected to exercise, however, aortic root diameter was smaller than in their Sed littermates (Figure [2](#jah32581-fig-0002){ref-type="fig"}B). To more accurately assess changes in aorta diameter over time, aortic root dilation rate was defined as the change in the aortic root size over the 5‐month experimental protocol and was calculated from mouse‐by‐mouse aortic root size (Figure [S5](#jah32581-sup-0001){ref-type="supplementary-material"}). Dilation rate in MF‐Sed mice was twice that of WT (∆mm, 0.27±0.07 versus 0.13±0.02, respectively; Figure [2](#jah32581-fig-0002){ref-type="fig"}C). Remarkably, this parameter was blunted in trained MF mice, becoming comparable to the WT dilation rate (MF‐Ex ∆mm 0.10±0.04; Figure [2](#jah32581-fig-0002){ref-type="fig"}C). Aorta measurements at a more distal level yielded similar results: the ascending aorta was dilated at baseline in MF mice and dilation was blunted in trained mice (Figure [S6](#jah32581-sup-0001){ref-type="supplementary-material"}).

![Echocardiographic measurements in sedentary and trained WT and MF mice. A, Average aortic root size at the 4‐mo time‐point in WT and MF mice (n=21 for WT, n=19 for MF). Analysis used a nonpaired *t* test. B, Aortic root size after the experimental protocol (9 mo) in all groups (n=11 for WT‐Sed, n=7 for MF‐Sed, n=10 for WT‐Ex, n=10 for MF‐Ex). Representative echocardiographic images of the aortic root size in all groups (left panel). Quantitative analysis (right panel) was done with 2‐way ANOVA. A significant (genotype×training group) interaction was found (*P*\<0.05); pairwise comparisons (training group within genotype and genotype within training group) are shown. C, Dilation rate in all groups (n=11 for WT‐Sed, n=7 for MF‐Sed, n=10 for WT‐Ex, n=9 for MF‐Ex). In 2‐way ANOVA, genotype×training group interaction was found (*P*\<0.05); pairwise comparisons (Sed vs Ex within each genotype) are reported: \**P*\<0.05; \*\**P*\<0.01; \*\*\**P*\<0.001. Ex indicates trained group; MF, Marfan; Sed, sedentary group; WT, wild‐type. Open circles represent WT mice, closed squares represent Marfan mice; blue symbols are sedentary mice, red symbols are trained mice.](JAH3-6-e006438-g002){#jah32581-fig-0002}

The aortic root in MF patients is stiffer than in healthy individuals.[15](#jah32581-bib-0015){ref-type="ref"} In our mice, aorta mechanical properties were estimated by combining in vivo data obtained from BP measurements and echocardiographic maximum and minimum aorta diameters. At 4 months, we observed significant differences in the aortic root expansibility (pulsatility) between WT and MF mice, which is indicative of a loss of elasticity (Figure [3](#jah32581-fig-0003){ref-type="fig"}A, left panel). At 9 months, differences between WT and MF persisted. WT‐Ex mice showed a slight increase in pulsatility compared with WT‐Sed, but it did not reach statistical significance. MF‐Ex mice showed indistinguishable pulsatility from MF‐Sed (Figure [3](#jah32581-fig-0003){ref-type="fig"}A). Subsequent calculation of the β‐index at baseline (4 months) supported increased aortic root stiffness in MF mice compared with WT mice (Figure [3](#jah32581-fig-0003){ref-type="fig"}B). After the exercise training, β‐index (aortic stiffness) significantly improved in WT but not in MF mice.

![Aortic root pulsatility and stiffness in sedentary and trained WT and MF mice. Aortic root pulsatility (A) and β‐index (B) at baseline (n=21 for WT, n=17 for MF; 4‐mo‐old mice; nonpaired *t* test) and at the end of the experimental training (n=11 for WT‐Sed, n=7 for MF‐Sed, n=10 for WT‐Ex, n=10 for MF‐Ex; 9‐mo‐old mice; 3‐way ANOVA test). \**P*\<0.05; \*\**P*\<0.01. Ex indicates trained group; MF, Marfan; Sed, sedentary group; WT, wild‐type. Open circles represent WT mice, closed squares represent Marfan mice; blue symbols are sedentary mice, red symbols are trained mice.](JAH3-6-e006438-g003){#jah32581-fig-0003}

Aortic Structural Abnormalities Remain Unaltered in Trained Marfan Mice {#jah32581-sec-0023}
-----------------------------------------------------------------------

The most representative histological damage evaluated in MF mice is the rupture of elastic fibers in the tunica media of the ascending aorta. As expected, we observed a significant increase in the number of elastic lamina ruptures in MF mice, compared with WT animals (Figure [4](#jah32581-fig-0004){ref-type="fig"}A, upper panels and [4](#jah32581-fig-0004){ref-type="fig"}B for quantitative analysis). Remarkably, exercise did not increase lamina ruptures, indicating no additional structural damage in the tunica media of MF aorta.

![Aorta histological analyses in sedentary and trained WT and MF mice. A, Representative images of elastic laminae (stained in black by Verhoeff‐Van Gieson \[VVG\] staining, upper panel) and collagen content (stained by picrosirius red \[PSR\]), visualized under brightfield or polarized light in the middle and lower panels, respectively. B, Quantitative analysis of elastic laminae ruptures (n=9 for WT‐Sed, n=7 for MF‐Sed, n=10 for WT‐Ex, n=10 for MF‐Ex). Two‐way ANOVA showed no interaction but a genotype (WT vs MF) effect was evident (\*\*\*\**P*\<0.0001). C, Quantitative analysis of fibrosis (n=7 for WT‐Sed, n=5 for MF‐Sed, n=6 for WT‐Ex, n=6 for MF‐Ex). Two‐way ANOVA showed no interaction but a genotype effect was clear (\*\**P*\<0.01). Bars = 100 μm. Ex indicates trained group; MF, Marfan; Sed, sedentary group; WT, wild‐type. Open circles represent WT mice, closed squares represent Marfan mice; blue symbols are sedentary mice, red symbols are trained mice.](JAH3-6-e006438-g004){#jah32581-fig-0004}

Next, we examined the collagen content as a compensatory mechanism to the elastic fiber ruptures. In Sed mice, the tunica media had more collagen staining in MF than in WT animals (Figure [4](#jah32581-fig-0004){ref-type="fig"}A, middle and lower panels). As with elastic fibers, dynamic exercise did not have any impact on these differences between WT and MF mice (Figure [4](#jah32581-fig-0004){ref-type="fig"}C, quantitative results).

Exercise Improves Marfan‐Associated Cardiac Hypertrophy {#jah32581-sec-0024}
-------------------------------------------------------

The potential impact of moderate exercise on the heart was also examined, with LV dilation and hypertrophy observed at baseline in MF mice (Table [1](#jah32581-tbl-0001){ref-type="table-wrap"}). After the 5‐month training protocol, LV hypertrophy evaluated by echocardiography significantly regressed in MF‐Ex mice, as shown by decreased anterior wall and posterior wall diameters (Table [2](#jah32581-tbl-0002){ref-type="table-wrap"}). A nonsignificant decrease in LVDD and LVSD was also observed.

###### 

Echocardiographic Measurements of LV Structural and Functional Parameters in All Groups at 4 Months (Before Training)

                                                      Wild Type (n=21)   Marfan (n=17)
  --------------------------------------------------- ------------------ ---------------
  AW, mm[\*](#jah32581-note-0005){ref-type="fn"}      0.59±0.02          0.65±0.01
  LVEDD, mm[\*](#jah32581-note-0005){ref-type="fn"}   3.75±0.08          3.98±0.07
  PW, mm[\*](#jah32581-note-0005){ref-type="fn"}      0.57±0.02          0.63±0.02
  LVESD, mm                                           2.54±0.08          2.76±0.06
  LVEF, %                                             69±2               67±1

AW indicates anterior wall; LV, left ventricle; LVEDD, left ventricle end‐diastolic diameter; LVEF, left ventricular ejection fraction; LVESD, left ventricle end‐systolic diameter; PW, posterior wall.

\**P*\<0.05, wild‐type vs Marfan.

###### 

Echocardiographic Measurements of LV Structural and Functional Parameters in All Groups at the 9‐Month Time Point

                                                      Wild Type   Marfan                  
  --------------------------------------------------- ----------- ----------- ----------- --------------------------------------------------
  LVEDD, mm[†](#jah32581-note-0007){ref-type="fn"}    3.89±0.1    3.79±0.04   4.24±0.19   4.04±0.08
  LVESD, mm[\*](#jah32581-note-0007){ref-type="fn"}   2.65±0.06   2.61±0.07   2.95±0.18   2.73±0.1
  AW, mm[†](#jah32581-note-0007){ref-type="fn"}       0.66±0.02   0.64±0.01   0.72±0.02   0.69±0.02[‡](#jah32581-note-0008){ref-type="fn"}
  PW, mm[\*](#jah32581-note-0007){ref-type="fn"}      0.65±0.02   0.63±0.01   0.73±0.03   0.68±0.02[‡](#jah32581-note-0008){ref-type="fn"}
  LVEF, %                                             67±1        67±2        66±3        69±3

AW indicates anterior wall; LVEDD, left ventricle end‐diastolic diameter; LV, left ventricular; LVEF, left ventricular ejection fraction; LVESD, left ventricle end‐systolic diameter; PW, posterior wall; WT, wild‐type.

\**P*\<0.05, ^†^ *P*\<0.01 WT vs Marfan.

*P*\<0.05 vs genotype‐matched sedentary group.

PSS is attributed to differential loading or contractility in neighboring segments and, when perfusion is normal, predominantly reflects pressure overload. More specifically, it occurs when there is an imbalance between local (pressure‐induced) wall‐stress, contractility, and tissue structural properties.[16](#jah32581-bib-0016){ref-type="ref"} PSS was more common in MF than in WT mice at 4 months (14/17 \[82%\] versus 7/21 \[33%\], respectively; *P*≤0.01). While the presence of PSS remained unaltered (71%) at the 9‐month time‐point in MF‐Sed mice, it showed a decreasing trend in MF‐Ex mice (PSS 40%, *P*=0.12, McNemar test) (Figure [5](#jah32581-fig-0005){ref-type="fig"}).

![Cardiac hemodynamic overload (postsystolic shortening \[PSS\]) in sedentary and trained WT and MF mice. Number of mice with and without PSS for all groups and all time‐points. Analysis done with McNemar test. MF indicates Marfan; WT, wild‐type.](JAH3-6-e006438-g005){#jah32581-fig-0005}

As with aortae, LV changes were histologically assessed from collagen content. An evident increase in collagen deposition was observed in 9‐month‐old MF‐Sed mice. Moderate training did not modify LV fibrosis in either the WT‐Ex or MF‐Ex groups (Figure [6](#jah32581-fig-0006){ref-type="fig"}A).

![Histological analysis of the left ventricle in sedentary and trained WT and MF mice. A, Representative picrosirius red--stained myocardial samples of all groups (left panel) and their respective quantitative analysis (right panel); n=11 for WT‐Sed, n=7 for MF‐Sed, n=8 for WT‐Ex, n=9 for MF‐Ex. B, Histological evaluation of intramyocardial vessels (upper panel) and quantitation of the perivascular fibrosis, tunica media thickness, and lumen area (n=10 for WT‐Sed, n=7 for MF‐Sed, n=10 for WT‐Ex, n=9 for MF‐Ex). Two‐way ANOVA (all measurements) showed no significant interaction, but a genotype (WT vs MF) was found for all analyses. Bars are 100 μm. \**P*\<0.05; \*\**P*\<0.01; \*^\*\*\*^ *P*\<0.0001. Ex indicates trained group; LV, left ventricular; MF, Marfan; Sed, sedentary group; WT, wild‐type. Open circles represent WT mice, closed squares represent Marfan mice; blue symbols are sedentary mice, red symbols are trained mice.](JAH3-6-e006438-g006){#jah32581-fig-0006}

In the heart, vascular remodeling was also studied in small arteries in the LV (Figure [6](#jah32581-fig-0006){ref-type="fig"}B). A prominent vascular remodeling in MF mice included a narrow lumen as well as thickening and increased perivascular fibrosis (Figure [6](#jah32581-fig-0006){ref-type="fig"}B). Again, moderate regular exercise showed no effect.

Effects of Exercise on Marfan‐Associated Cardiovascular Remodeling Are Independent of Sex {#jah32581-sec-0025}
-----------------------------------------------------------------------------------------

We explored potential sex‐related impacts of MF‐ or exercise‐promoted cardiovascular remodeling. The most representative findings are shown in Figures [S7](#jah32581-sup-0001){ref-type="supplementary-material"} through [S9](#jah32581-sup-0001){ref-type="supplementary-material"}. At baseline (4 months), echocardiography experiments showed that aortic dilatation and LV hypertrophy were similar in male and female MF mice (Figure [S7](#jah32581-sup-0001){ref-type="supplementary-material"}). At the end of the experimental protocol (9 months), the protective effect of moderate exercise on aortic dilation and LV hypertrophy, both examined by echocardiography, were similar in male and female mice (Figure [S8](#jah32581-sup-0001){ref-type="supplementary-material"}). Exploratory analyses in histology experiments suggested that LV fibrosis was reduced in trained female, but not male mice in comparison to their Sed littermates (Figure [S9](#jah32581-sup-0001){ref-type="supplementary-material"}).

Discussion {#jah32581-sec-0026}
==========

We evaluated the effects of exercise in the MF phenotype, particularly focusing on cardiovascular remodeling. In a murine MF model, moderate exercise (1) mitigated aortic dilation, (2) did not increase aortic elastic fiber ruptures and collagen deposition, and (3) partially reversed MF‐associated cardiac hypertrophy. Overall, our results suggest positive effects of moderate exercise in cardiovascular manifestations of MF.

Exercise and the Aortic Root in MF {#jah32581-sec-0027}
----------------------------------

Aortic root dilation is a hallmark of the cardiovascular phenotype of MF and a main determinant of premature mortality and morbidity. The degree of aortic dilation closely correlates with the risk of aortic dissection.[17](#jah32581-bib-0017){ref-type="ref"} Factors such as an increased central pulse pressure,[18](#jah32581-bib-0018){ref-type="ref"} obstructive sleep apnea,[19](#jah32581-bib-0019){ref-type="ref"} or genetic predisposition based on polymorphisms in genes other than *FBN1* [20](#jah32581-bib-0020){ref-type="ref"} have been proposed to influence aortic dilation rate in MF. A repetitive, pulsatile increase in aortic stretch during each exercise bout has been claimed to trigger accelerated aortic dilation.[11](#jah32581-bib-0011){ref-type="ref"}, [12](#jah32581-bib-0012){ref-type="ref"}

Contrary to this hypothesis, we showed that regular, moderate exercise does not accelerate aortic dilation rate, but rather normalizes its progression to values comparable to WT animals. Note that the aortic root was only assessed at baseline and at the end of the experimental protocol. Echocardiographic improvement was not accompanied by a restoration of the histological integrity of elastic fibers. Whereas histological and echocardiographic measurements usually present with parallel improvements, we found a clear blunt in aortic dilation in the absence of overt changes in elastic lamina fractures. It is possible that modest improvements such as the one in our work may present with nonevident histological changes. In fact, we cannot rule out the possibility that improvements in microstructural ruptures in MF‐Ex mice could precede evident elastic fiber repair evaluated by regular histological approaches. Such microstructural improvements in elastic fibers might have a positive physiological impact, which can be resolved by echocardiography. Indeed, elastic abnormalities might be present in advance of evident aortic dilation,[21](#jah32581-bib-0021){ref-type="ref"}, [22](#jah32581-bib-0022){ref-type="ref"} and alterations in elastic fiber integrity are present in the nondilated portion of the thoracic aorta,[23](#jah32581-bib-0023){ref-type="ref"} thereby suggesting a mismatch between aorta size and elastic properties. Moreover, other factors such as fibronectin synthesis,[24](#jah32581-bib-0024){ref-type="ref"} or endothelial[25](#jah32581-bib-0025){ref-type="ref"} and smooth muscle cell dysfunction,[26](#jah32581-bib-0026){ref-type="ref"} may also significantly contribute to progressive aortic dilation.

The subjacent mechanism(s) behind the reduction of aortic size in exercised Marfan mice is unknown. Of note, a recent work has suggested that inducible nitric oxide synthase (iNOS) upregulation is involved in Marfan aortic dilation.[27](#jah32581-bib-0027){ref-type="ref"} Interestingly, exercise has been shown to reduce iNOS expression in settings in which iNOS is heavily induced (eg, in obesity[28](#jah32581-bib-0028){ref-type="ref"} and diabetes mellitus[29](#jah32581-bib-0029){ref-type="ref"}). On the other hand, to date most therapeutic approaches for Marfan syndrome target BP, but BP was not reduced in our model. Similarly, iNOS blockade normalized aortic size in MF mice while increasing BP.[27](#jah32581-bib-0027){ref-type="ref"} Altogether, these results point to iNOS downregulation as an attractive potential mediator of exercise‐associated benefits in MF.

Exercise and Marfan‐Associated Cardiomyopathy {#jah32581-sec-0028}
---------------------------------------------

The most frequent and well‐known cardiac manifestation of MF is mitral valve prolapse.[5](#jah32581-bib-0005){ref-type="ref"} If severe, mitral prolapse and regurgitation may evolve as progressive LV dilation and dysfunction and, eventually, heart failure. Nevertheless, recent data support the existence of a primary myocardial affectation in MF patients even in the presence of competent valves.[6](#jah32581-bib-0006){ref-type="ref"}, [7](#jah32581-bib-0007){ref-type="ref"}, [30](#jah32581-bib-0030){ref-type="ref"} Structural abnormalities in the MF cardiomyopathy include LV hypertrophy and, in some series, dilation; these may be accompanied by variable degrees of systolic dysfunction, which occasionally remains subclinical and only detectable through deformation analysis.[31](#jah32581-bib-0031){ref-type="ref"} Currently, it is unclear whether this cardiomyopathy is associated with worse clinical outcomes.

Our findings in this animal model of MF concur with most of these cardiac manifestations. We show increased collagen deposition in the LV myocardium of MF mice. A similar trend was previously reported in the same mouse strain, but failed to reach significance, likely because of the limited sample size and large intrinsic variability.[30](#jah32581-bib-0030){ref-type="ref"} The clinical and physiological significance of such fibrosis is unknown, but could contribute to some characteristics of MF cardiomyopathy. It is possible that both myocardial fibrosis and hypertrophy underlie the diastolic dysfunction observed in patients with MF.[32](#jah32581-bib-0032){ref-type="ref"} Moreover, fibrosis is a hallmark of cardiac arrhythmogenesis and likely contributes to the increased burden of ventricular arrhythmias in these patients.[33](#jah32581-bib-0033){ref-type="ref"}

Our results indicate a positive impact of moderate exercise on MF cardiomyopathy as evidenced by an antihypertrophic effect and the absence of deleterious effects on LV myocardial fibrosis (Table [2](#jah32581-tbl-0002){ref-type="table-wrap"}). This is consistent with the role of physical activity in other cardiac conditions reported in human and animal models. Moderate exercise improves cardiac remodeling in hypertensive patients[34](#jah32581-bib-0034){ref-type="ref"} and blunts cardiac hypertrophy and fibrosis in a hypertrophic cardiomyopathy mouse model.[35](#jah32581-bib-0035){ref-type="ref"}

Clinical Implications {#jah32581-sec-0029}
---------------------

Whereas moderate aerobic physical activity in healthy individuals and in patients with some cardiovascular disorders is largely acknowledged,[9](#jah32581-bib-0009){ref-type="ref"} MF patients are usually excluded or largely limited from obtaining these positive effects by current recommendations. Moderate‐to‐strenuous dynamic exercise is prohibited for these patients and only low‐dynamic sports such as bowling, golf, and archery are allowed.[12](#jah32581-bib-0012){ref-type="ref"} Nevertheless, this recommendation (level of evidence C) lacks clinical or experimental supporting data.[12](#jah32581-bib-0012){ref-type="ref"}

Our results suggest not only that moderate physical activity may be safe, but that it might prove beneficial in MF patients by decelerating the aortic dilation rate and improving signs of cardiac hemodynamic overload. If our results were reproduced in humans, physical activity of moderate intensity should not only be allowed, but encouraged in patients with MF. This idea is supported by a case report showing that a cardiovascular physical therapy program reversed LV dilatation and hypertrophy in a patient with MF.[36](#jah32581-bib-0036){ref-type="ref"}

It is important to note that the present results reflect changes promoted by light or moderate endurance training. More intense forms of physical activity or other sorts of exercise may yield opposite results. Current evidence suggests that a U‐shaped relationship between exercise and outcomes exists for outcomes such as atrial fibrillation, ventricular arrhythmias, or even atherosclerosis.[37](#jah32581-bib-0037){ref-type="ref"} Under this hypothesis, low doses of physical activity should yield beneficial effects, but might turn deleterious at strenuous doses in healthy individuals.[38](#jah32581-bib-0038){ref-type="ref"} A U‐shaped relationship has also been found in inherited cardiomyopathies. Competitive exercise accelerates the progression of arrhythmogenic right ventricular cardiomyopathy,[39](#jah32581-bib-0039){ref-type="ref"} although moderate exercise was shown to be safe.[40](#jah32581-bib-0040){ref-type="ref"} Further research is needed to explore the potential benefits of encouraging light or moderate physical activity in patients with MF.

Limitations {#jah32581-sec-0030}
-----------

First, the *Fbn1* ^C1039G/+^ mouse strain presents a low risk of aortic dissection and relatively long lifespan. During the 5‐month experimental period, only 2 of 22 MF mice died, neither of them in the MF‐Ex group. Whether our results would similarly apply to individuals at high risk remains unknown. Second, the translation of results obtained in mouse models to human beings, and interpretation of the exercise intensity in human terms, warrants caution. Reported data suggest that our study assessed moderate exercise intensity.[41](#jah32581-bib-0041){ref-type="ref"} Moreover, the lack of a clear phenotype for athlete\'s heart, including LV hypertrophy and dilation parameters, further supports the characterization of the exercise as moderate. Third, a rigorous measurement of aortic root stiffness requires invasive blood pressure recordings. We measured the noninvasive blood pressure (tail‐cuff) to estimate aortic stiffness, but it remains controversial whether this method provides a robust estimation of central BP in mice. Last, valve regurgitation, either mitral or aortic, is a frequent clinical observation in MF patients, but they were not assessed in our mice. It is therefore possible that they could modify the effect of exercise in the cardiovascular phenotype of MF. Nevertheless, we could not envisage any clustered response to exercise for aortic dilation, fibrosis, or any of the echocardiographic parameters, thereby suggesting a similar phenotypic response in all animals.

Conclusions {#jah32581-sec-0031}
===========

In a murine model of MF, moderate dynamic exercise prevented aortic root dilation and mitigates cardiac hypertrophy. Our data invite validation in other animal models of MF and eventually in patients.
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**Figure S1.** Intramyocardial artery assessment.

**Figure S2.** Survival rate during the experimental protocol in all groups.

**Figure S3.** *Vastus medialis* adaptation after training.

**Figure S4.** Blood pressure measurement in all groups according to sex (for male animals: n=5 for all WT‐Sed, MF‐Sed, MF‐Sed, and MF‐Ex; for female animals: n=6 for WT‐Sed; n=4 for MF‐Sed; n=5 for WT‐Ex; n=5 for MF‐Ex).

**Figure S5.** Changes of the aortic root size during the experimental protocol examined for each mouse (at 4 and at 9 months; n=11 for WT‐Sed, n=10 for WT‐Ex, n=7 for MF‐Sed, n=10 for MF‐Ex).

**Figure S6.** Measurements of the ascending aorta in all groups at the 4‐mo time‐point (left panel; comparison with a *t* test; n=21 for WT, n=17 for MF) and at the 9‐mo time‐point (right panel; comparison with 2‐way ANOVA; significant interaction was found; n=11 for WT‐Sed, n=7 for MF‐Sed, n=10 for WT‐Ex, n=10 for MF‐Ex).

**Figure S7.** Echocardiographic results according to sex at the 4‐mo time‐point (for most measurements: male mice n=10 for both WT and MF; female mice; n=11 for WT, n=9 for MF).

**Figure S8.** Echocardiographic results according to sex at the 9‐mo time‐point (n=3--6 per group).

**Figure S9.** Effects of sex on LV histological assessment (n=3--6 per group).
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